Any advanced anti-fouling strategy must be based on early warning systems which allow for timely, precisely directed and optimized countermeasures. Such systems must be able to detect biofilm growth on representative surfaces. In order to meet this requirement, a fibre optical device (FOS) has been developed. It is based on light which is scattered by objects deposited on the tip of an optical fibre. A receiving fibre collects the signal and forwards it to a detection and quantification unit. Both the sending and the receiving fibre are mounted in a measuring head which is integrated evenly on the inner surface of a water pipeline at representative sites. This device was applied to a water system of a brewery in order to put its reliability to test under practical conditions. The FOS detected the build-up of a deposit which was identified independently as consisting of microorganisms, i.e., a biofilm. A stable, well detectable and reproducible signal could be obtained above a colonization of 10 5 cells cm -2 . Adjustment of the sensitivity of the amplifier allowed for detection of biofilms up to 10 10 cells cm -2 . Cleaning countermeasures could be detected clearly by a decrease of backscattered light intensity. The system proved to be suitable for on-line, non-destructive, real-time and automatic monitoring for a period of almost two years, and thus, provides an important constituent for an advanced anti-fouling strategy.
Introduction
Conventional measures against biofouling rely on the more or less "blind" application of biocides: biofouling problems are usually detected by the deterioration of process parameters or product quality. Then, biocides are applied, in the hope that killing of the fouling organisms will solve the problem. The parameter for success is usually again process performance or product quality, which constitutes a very expensive way of monitoring. It is commonly believed that dead bacteria cause no more problems, but this is not the case. In the first place, biofilm organisms are highly tolerant to biocides (LeChevallier et al., 1988) . In the second place, dead biomass will usually not be removed from the surface. Thus, the problems caused by its physical presence, e.g., frictional, hydrodynamic or heat transfer resistance will not be affected. Also, practically no technical system can be operated continuously under sterile conditions. Thus, already with the water used for rinsing the biocide, new organisms will be imported and will colonize dead biofilms, leading to rapid aftergrowth. Highlighted by this background, it is plausible that cleaning of surfaces is more important than killing the organisms and leaving them in place. In order to properly combat biofouling, information about the colonization situation on surfaces is required.
It is clear that early warning systems which indicate site and extent of biofilm development in water systems are of crucial significance for timely and optimal countermeasures against biofouling (Flemming, 2002) . As biofouling is a biofilm problem, and as water samples give no information about site and extent of biofouling, surface sampling is mandatory (Flemming, 2003, this issue) . Usual approaches consist either of scraping material from accessible locations or of exposing test surfaces and, in both cases, time consuming investigations in the laboratory. In order to obtain results faster, monitoring systems are required which provide information on-line, in real time, and non-destructively.
One interesting option is optical sensors. They are very sensitive and can convert various physical effects into a detectable signal. They are chemically and electrically passive, small, and can be used at poorly accessible locations in technical systems. They do not need a potential-free measurement environment, as is mostly the case with electrochemical and electrical sensors (Spichiger-Keller, 1998) .
A fibre optical sensor (FOS) has been developed on a laboratory scale (Tamachkiarow and Flemming, 1996; Flemming et al., 1998) which is suitable to monitor the deposition of material on surfaces. The sensor belongs to the first level of monitoring devices (Flemming, 2003, this issue) and, thus, is not specific for biological material. It will respond generally to particles which scatter light. However, in systems which contain mostly microorganisms as particles, which must be demonstrated independently by other methods, the signal can be attributed to biofilm growth. The aim of this study was to apply this sensor to an industrial water system in order to monitor the growth of deposits on-line, in situ, non-destructively and in real time, and testing of its suitability as an element in an integrated anti-fouling strategy.
Materials and methods
Water system
The water system considered in this study provided process water for a brewery. It comprised ground water which was fed into the piping system following flocculation. The pipe material comprised nickel molybdenum steel.
Determination of total cell numbers
The determination of total cell numbers was performed by staining with 4′,6-diamidino-2phenylindole (DAPI) and subsequent quantification by light microscopy at 1,000-fold magnification after Kepner and Pratt (1994) . For measurement, the biofilm was removed from defined surface areas with a soft rubber scraper, and suspended in 0.9% NaCl solution. Enumeration was performed on this suspension.
Determination of colony forming units
The number of colony forming units was determined according to the German Drinking Water Regulations (1990) at 20°C after 48 h of incubation and on R2A agar (Reasoner and Geldreich, 1985) at 20°C after 7 d.
Measurement device
In the measurement heads, quartz polymer optical fibres from Cearamoptec were used. They had a diameter of 0.2 mm. The fibres were immobilized in a metal pipe and attached with heat-resistant glue. The measurement head consists of a sending and a receiving fibre (Figure 1) .
The surface of the sensor tip is mounted in such a way that it is exactly even with the inner surface of the pipeline. In order to independently quantify the development of the biofilms, a glass window was mounted opposite the sensor surface ( Figure 2 ).
Flow through system for calibration
For calibration, a vessel was equipped with glass coupons in a beaker. The medium consisted of 50% non-sterile drinking water and 50% beer, which was stirred slowly. The measurement head was immersed in the liquid. After defined periods of time, coupons were removed and the colonization was determined as described above. The system was operated at room temperature. 
Measurement period
Over a period of 1.5 years, the measurement head and the glass window were removed at 6 month intervals, and the cell density on the surface was determined by epifluorescence microscopy after DAPI staining.
Results
In the first place, it was necessary to calibrate the sensor in order to evaluate the sensitivity of the device. For this purpose, test surfaces ("coupons", see Materials and Methods section) were exposed in a simple flow through system containing the sensor head. For improvement of biofilm development, 1% R2A medium was used. After reaching given signal intensities, coupons were removed, and the total cell number per area was determined as described above. The electronic unit was operated with three different amplifications of the signal which determine different sensitivities of the sensor. A high sensitivity allows for detection of early microbial attachment. As the sensor is rapidly overpowered at that sensitivity, less amplification was applied for determination of stronger signals, indicative of a higher thickness of the deposit. Using sequential amplifications, it was possible to follow the build-up of a deposit over a long period of time. Figure 3 shows the response of the optical signal to different cell densities on the surface.
Application of the sensor in the piping system
The sensor was installed in the piping system as shown in Figure 2 . In Figure 4 , the values for the backscattered light are given for a period of 8 months. Microscopical investigations showed that the deposits on the inner surfaces were almost completely composed of microbial biofilms containing bacteria and partially of yeasts.
The sensor was operated in the piping system for 8 months, giving continuous signals. During this period the sensor was removed once and the head was cleaned (see left arrow) and the system itself was cleaned (see right arrow). In both cases, the expected decrease of backscattered light was observed.
During one further year of operation, the data acquired by the FOS device reflected clearly the development of biofilms in the system, and the efficacy of cleaning measures. Detailed further measurements demonstrated that a reliable signal of the sensor is received continuously above 10 5 cells cm -2 .
Discussion
The FOS is a device which intrinsically measures backscattered light without giving information about the nature of the scattering particles. It provides information about material depositing on a surface, and does so in situ, on-line, in real-time and non-destructively. This is a major advantage. In fairly constant systems such as water pipelines which provide feed water from a constantly operated source, it was concluded that a relatively constant composition of particles will prevail. If specific methods such as microscopy can demonstrate that the main component of the deposit consists of microorganisms, the FOS will provide an indirect monitoring of biofilm development. As accompanying measurements demonstrated (data not shown), the colonization rate of the glass sensor tip and the surrounding stainless steel surface are practically the same. Thus, there is no material-specific error to be expected. The signal can be acquired electronically and used for controlling measures such as the application of cleaning agents.
Conclusions
The FOS device offers a very suitable component of an overall concept of monitoring which allows for early warning and automatic cleaning. It has to be taken into account that the measurement is performed at one point which may not be representative of the rest of the system. The accuracy of information integrated over large areas, of course, depends upon the density of the measurement points. However, even only few measurement points at relevant sites can provide useful information about the conditions at the inner sides of the pipes.
It can be concluded that the FOS has been integrated successfully into an industrial water system, providing data about biofilm development from an early stage, and detecting effects of cleaning measures and changes in operation modes. The data acquired by the FOS can be processed and used for an automated cleaning system. Therefore, the FOS can be used as a sensor in an integrated anti-fouling strategy. 
